Moromi (the fermented mash) of ''mugi shochu'' that had been artificially contaminated with pesticides was distilled to elucidate the fate of pesticides in the distillation process. The pesticides residing in the distillate were quantified by liquid chromatographytandem mass spectrometry (LC-MS/MS). Of the analyzed pesticides (249 compounds), 89% were not detected in the distillate, showing that the distillation process minimized the risk of pesticide contamination.
While the fate of pesticides in the production of fermented liquor, especially wine, [1] [2] [3] [4] [5] [6] has been subjected to extensive research, few studies have been performed on distilled spirits. 1, 7) However, brewing companies have recently had to identify the possible contamination risk based on experimental data in response to the increasing consumer demand for food safety. Our laboratory is undertaking experimental work with small-scale distillation apparatus to elucidate the fate of pesticides during the distillation process. The traditional Japanese spirit, ''mugi shochu,'' made from barley was used in this experiment. Analytical samples were obtained by two types of distillation process: one under atmospheric pressure and the other under reduced pressure. A multi-residue method using LC-MS/MS is currently often used in analyzing a number of pesticides in food. [8] [9] [10] In this present work, 269 pesticides were added to an originally uncontaminated mash of ''mugi shochu,'' and each of the distilled samples was rapidly analyzed by LC-MS/MS. The results from the present study elucidate the risk level of pesticides remaining in the distilled spirit.
The pesticides were purchased as mixed reagents. Mix 22, 31 and 34 were purchased from Kanto Chemical (Tokyo, Japan), and mix 4, 5, 6, 8 and 9 were from Hayashi Pure Chemical (Osaka, Japan). Ammonium acetate [analytical grade], and methyl alcohol [LC/MS grade] were purchased from Kanto Chemicasl. Polytetrafluoroethylene (PTFE) filters (Autovial 5, 0.2 mm) were purchased from GE Healthcare Japan (Tokyo, Japan). The moromi (fermented mash) of ''mugi shochu'' was created by fermenting barley, water, koji (Aspergillus kawachii) and yeast (Saccharomyces cerevisiae) at 25 C for 16 d. This mash contained 20% alcohol by volume (v/v) and was weakly acidic (pH 4.2).
A 200-ml amount of the mash with 20% alcohol by volume (v/v) was artificially spiked with the 269 pesticides with the concentration set to 50 ng/ml. The spiked mash was distilled under atmospheric and reduced pressure with 500-ml-scale apparatus. The temperature in the flasks charged with the mash was raised to 99 C under atmospheric pressure and to 57 C under reduced pressure (100 mm of Hg). The distillation period was set for 2 h per distillation process. A 90-ml amount of the distillate with 40% alcohol (v/v) was then collected. The distillate was passed through a PTFE filter having a mesh size of 0.2 mm before being analyzed by LC-MS/MS. This PTFE filtration was performed to prepare a calibration curve for the samples.
The concentration of each pesticide in the distillate was determined by high-performance liquid chromatography with the ACQUITY UPLC system (Waters, USA) coupled to the triple-stage quadrupole API4000 MS/MS system (AB Sciex, USA). Analyst 1.5 software was used for controlling the instruments and processing the data in the system. Analytical chromatography was carried out in an ACQUITY UPLC BHE C18 column (2.1 mm Â 50 mm, 1.7 mm; Waters) operated at 40 C. The mobile phase consisted of (A) 5 mM ammonium acetate/ water and (B) 5 mM ammonium acetate/methanol. A linear gradient profile was applied at a flow rate of 0.3 ml/min with the following proportions: 0 min (95% A, 5% B), 1 min (60% A, 40% B), 2 min (35% A, 65% B), 8 min (5% A, 95% B), 11 min (0% A, 100% B), 11.5 min (95% A, 5% B) and 13.0 min (95% A, 5% B). The volume of a sample injected into the column was 5 mm. The electrospray-ionization (ESI) source was operated in the positive-or negative-ion mode, depending on the characteristics of each pesticide. The operating parameters were optimized under the following conditions: curtain gas, 3 psi; ion source gas 1, 30 psi; ion source gas 2, 30 psi; ion spray voltage, þ5500 V or À4500 V; collision gas 3 (arbitrary units); and temperature, 600 C. Data for quantification and confirmation were acquired in the multiple-reactionmonitoring (MRM) mode. Table 1 lists the precursor (Q1)-to-fragment (Q3) transitions, the optimum declustering potential (DP), the optimum collision energy (CE) and the optimum collision cell exit potential (CXP) for each of the compounds.
The performance of our method was assessed by using distilled spirits spiked with pesticides. The coefficient of linearity was determined by the matrix Continued matching method for the samples spiked with pesticides at levels of 5, 10, 50, 100 and 200 ng/ml. The repeatability (relative standard deviation (RSD) %) was assessed by using the samples spiked with pesticides at a level of 10 ng/ml; the same measurements were repeated six times on the same day. The acceptance criteria to validate the established analytical method were determined as less than 20% for repeatability (RSD%), and no less than 0.99 for linearity (linear regression line, correlation coefficient (R)). Of the 269 residues tested, 249 met the validation criteria for the distillates ( Table 1 ). The limit of quantification (LOQ) was 5 ng/ml (ppb), which was the minimum point on the analytical line meeting a signal-to-noise ratio of 10:1. Each sample was distilled under atmospheric pressure (n ¼ 3) and reduced pressure (n ¼ 3), before being analyzed by LC-MS/MS to determine the concentrations of the pesticides. The ratios of added pesticides that were transferred from the mash to the distillate during the course of distillation are shown in Table 2 . The ratios were obtained by the following calculation: (transfer ratio (%) ¼ (each pesticide's concentration (ppb) Â 90 ml) Â 100/(50 ppb Â 200 ml)). 220 pesticides out of 249 were not detectable in the distillate under atmospheric pressure, ''not detectable (ND)'' meaning less than 5 ppb (transfer ratio <4.5%). Meanwhile, 241 pesticides were not detectable in the distillate under reduced pressure. These results suggest that distillation under atmospheric pressure led to a greater transfer of pesticides to the distillate. The relationship between the transfer ratio to the distillate and the physical characteristics of the pesticides (vapor pressure (Vp) and molecular weight (MW)) was then studied. The results show that all pesticides having low Vp (<1.0 mPa, 202 compounds) were not transferred to the distillate, and that those pesticides having MW exceeding 350 Da (90 compounds) also were not transferred. The five pesticides shown in Fig. 1 each had a transfer ratio higher than 20%, these compounds having lower MW and higher Vp. Only a limited number of pesticides having low MW, high Vp and high chemical stability at high temperature were therefore detected in the distillate.
Based on these experimental results, it is evident that the distillation process was effective for minimizing the risk of damage to the spirit by pesticides. Even when distillation was performed under atmospheric pressure, 89% of the pesticides could not be detected in the distilled spirit. The results from this experiment could be applicable to risk management studies on spirits other than ''mugi shochu.'' 
